ALGEBRAIC
COMBINATORICS

Christian Krattenthaler & Henri Miihle

The rank enumeration of certain parabolic non-crossing partitions
Volume 5, issue 3 (2022), p. 437-468.
https://doi.org/10.5802/alco.219

© The journal and the authors, 2022.

(cOIS2 This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

Access to articles published by the journal Algebraic Combinatorics on
the website http://alco.centre-mersenne.org/ implies agreement with the
Terms of Use (http://alco.centre-mersenne.org/legal /).

Algebraic Combinatorics is published by The Combinatorics Consortium 4
and is a member of the Centre Mersenne for Open Scientific Publishing >

www.tccpublishing.org www.centre-mersenne.org

MERSENNE


https://doi.org/10.5802/alco.219
http://creativecommons.org/licenses/by/4.0/
http://alco.centre-mersenne.org/
http://alco.centre-mersenne.org/legal/
https://www.tccpublishing.org/
www.tccpublishing.org
www.centre-mersenne.org
http://www.centre-mersenne.org/

Algebraic Combinatorics
Volume 5, issue 3 (2022), p.437-468
https://doi.org/10.5802/alco.219

The rank enumeration of certain parabolic

non-crossing partitions

Christian Krattenthaler & Henri Miihle

ABSTRACT We consider m-divisible non-crossing partitions of {1,2,...,mn} with the property
that for some ¢ < n no block contains more than one of the integers 1,2,...,t. We give a
closed formula for the number of multi-chains of such non-crossing partitions with prescribed
number of blocks. Building on this result, we compute Chapoton’s M-triangle in this setting
and conjecture a combinatorial interpretation for the H-triangle. This conjecture is proved for
m = 1.

1. INTRODUCTION

Non-crossing partitions have appeared in the combinatorial landscape in the early
1970s, and — despite their simple definition — have ever since served an important,
connecting purpose for many different aspects of algebraic combinatorics. Even though
they were considered under different names before (e.g. as planar rhyme schemes [6]),
their systematic study began only after Kreweras’ seminal article [26].

A (set) partition is a covering of the set [n] o {1,2,...,n} by non-empty, mutually
disjoint sets (so-called blocks) and it is non-crossing if there do not exist indices
1 <i<j< k<!l < nsuch that i,k belong to one block and j,1 to another. We
obtain additional structure if we order non-crossing partitions by refinement, i.e. one
partition refines another if every block of the first partition is contained in some block
of the second. In fact, the resulting partial order (denoted by <,ef) endows the set of
non-crossing partitions with a rank function (where the rank is n minus the number
of blocks) and a lattice structure. This lattice of non-crossing partitions was studied
intensively from enumerative and structural points of view in [14, 15, 16, 34]. The
notion of m-divisible non-crossing partitions goes back to Edelman [14], and refers to
non-crossing partitions in which every block has size divisible by m.

A remarkable observation by Biane [9] (and independently Brady [10]) relates the
lattice of non-crossing partitions to a certain interval in the Cayley graph of the sym-
metric group with respect to the generating set of all transpositions. This construction
was generalised by Bessis [8] and by Brady and Watt [11] to finite irreducible Cox-
eter groups, for which combinatorial interpretations were given by Athanasiadis and
Reiner [4, 32]. Armstrong subsequently finished this stream of generalisation by de-
tailing how m-divisible non-crossing partitions are constructed for finite irreducible
Coxeter groups [1].
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Most recently, Williams introduced a generalisation of non-crossing partitions to
parabolic quotients of finite irreducible Coxeter groups [39], and this construction
was studied later for parabolic quotients of the symmetric group in [31, 30]. In this
article, we study a certain family of these parabolic non-crossing partitions, namely
those where one takes a parabolic quotient of the symmetric group with respect to
an initial segment of the list of adjacent transpositions. This particular family of
parabolic non-crossing partitions admits the following combinatorial interpretation.
We fix positive integers n, ¢ such that ¢ < n, and define a t-partition to be a partition
of [n] in which no block intersects the set [¢] in more than one element. Such a t-
partition is non-crossing if there exist no four indices 1 <7 < j < k <[ < n such that
either j < t and ¢,! belong to one block and j, k to another, or ¢ < j and ¢, k belong
to one block and j,! to another. For ¢ = 1 this construction reduces to the ordinary
non-crossing partitions introduced in the first two paragraphs.

Our main result provides a closed formula for the number of multi-chains of m-
divisible non-crossing t-partitions under refinement with prescribed ranks. For con-
venience, we denote the set of all m-divisible non-crossing t-partitions of [mn] by

NC.

THEOREM 1.1. Let m, n, t,1 be positive integers, and let s1, sa, . .., S;+1 be non-negative
integers with s1 + so + -+ si41 = n —t. The number of multi-chains m1 <yef T2 Kref

- yef T, Where w; € NCSZZ) and tk(m;) = s1+ sa+ -+ -+ s; fori € [l], is given by

s ) - ()

The proof of Theorem 1.1 utilises generating functions and is carried out in Sec-
tion 3, after the necessary definitions have been recalled in Section 2.

As an application of Theorem 1.1 we compute a certain bivariate integer polyno-
mial, which can be seen as the generating function of the intervals of non-crossing
m-divisible ¢-partitions under refinement, weighted by the M&bius function. We call
this polynomial the M -triangle, denoted by M,(f;”) In the case t = 1, it was observed
by Chapoton (for m = 1) and Armstrong (for m > 1) that under certain substi-
tutions of the variables, one obtains two other bivariate integer polynomials, called
the F- and H-triangle, respectively [1, 12, 13]. These references also provide concrete
combinatorial realisations of those polynomials.

We show in Section 4 that the same substitutions — when applied to M,(:?) — yield
integer polynomials, too, see Theorem 4.3. In the last part of this article, Section 5,
we conjecture a combinatorial realisation of the H-triangle in terms of multi-chains of
filters in a certain partially ordered set on transpositions, see Conjecture 5.6. We con-
clude by proving this realisation in the case m = 1 (again with the help of generating
functions) using a lattice path model, see Theorem 5.13.

2. PRELIMINARIES

2.1. NON-CROSSING PARTITIONS. Given an integer n > 0, a (set) partition is a fam-
ily of non-empty, mutually disjoint sets, called blocks, whose union is all of [n] et
{1,2,...,n}. For m > 0, a partition is m-divisible if every block has size divisible by

m. Given a partition 7, we write bl(w) for the number of blocks of 7, and define the

rank of m by rk(m) def ) - bl(w). A partition 7 refines a partition 7’ if every block of

7 is contained in some block of 7’; we denote this relation by © <t 7.
A partition is non-crossing if there are no indices i < j < k < [ such that i, k
belong to one block and j,1 belong to a different block. We denote the set of all
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m-divisible non-crossing partitions of [mn] by NC;’”). Non-crossing partitions were
introduced in [26], and the m-divisible case was studied in [14]. An excellent survey
on m-divisible non-crossing partitions and various related objects is [1].

For t € [n], a t-partition is a partition where no block intersects the set [t] in
more than one element. A t-partition is non-crossing if there do not exist indices
i < j < k <l such that either ;7 < ¢ and ¢, belong to one block and j,k belong
to a different block, or 7 > ¢ and 4, k belong to one block and j,! belong to another
block. We denote the set of all m-divisible non-crossing ¢-partitions of [mn] by Nc!™

n;t *
Clearly, we have NCE:? = NCm),

The non-crossing condition can be visualised in terms of arc diagrams. Given a
t-partition 7 of [n], we draw n nodes, labelled by 1,2,...,n, on a horizontal line,
where we colour the nodes in [¢] in white and the remaining nodes in black. Then,
we connect two nodes ¢ and j by an arc if and only if 4 and j are in the same block
of m and every k € {i+1,i4+2,...,j—1} is in a different block. This arc stays below
the nodes i+1,i+2,...,t and rises above the nodes max{4,t}+1, max{i,t}+2,..., .
(If t = 1, then we use the convention that all nodes are black.) See Figure 1. Then,
an m-divisible ¢-partition of [mn] is non-crossing if and only if its arc diagram can be
drawn in such a way that no two arcs cross.

‘2R '

4 5 6 7 8 9 10 11 12 13 14

(a) The 2-divisible 3-partition {{1,6,7,8},{2,9,12,13},{3,14},{4,5},{10,11} } is
non-crossing.

12

(b) The 2-divisible 3-partition {{1,6,7,8},{2,9,12,13},{3,4,5,14},{10,11}} is
crossing.
Figure 1. Some arc diagrams of 2-divisible 3-partitions.

In this article, we want to study the poset™) of m-divisible non-crossing ¢-partitions
under refinement. The next lemma enables us to reuse many of the well-known prop-
erties of the case t = 1.

LEMMA 2.1. The poset (NCEZZ), gref) of m-divisible non-crossing t-partitions under
refinement is isomorphic to an order ideal® in (NC%’”), grcf).
Proof. If 7 is a t-partition, then we define the transformed partition 7 via the map
t+1—4, i<t
H . .
i, 1> t.

(1) poset is short for partially ordered set.

(P An order ideal in a poset is a collection of poset elements which is closed under going down in
the order.
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Essentially, 7 is obtained by rotating all the white nodes by 180 degrees counter-
clockwise. It is then clear that 7 € NCS:? if and only if 7 € NC!"™ and the claim

n;l

follows. O

COROLLARY 2.2. The poset <NCS§), Sref> is graded of rank n —t, and the rank of
me NC™ is n — bl(m).

Proof. The claim that (NC%), Sref) is graded, and the claim that the rank of its
elements is n minus the number of blocks follows from Lemma 2.1 and [14, Section 4].

It remains to determine the maximal rank of elements of NCS??, or equivalently the

minimal number of blocks. But this is clearly ¢, since by definition each element of [¢]
must be in its own block, and this value is attained for instance by the partition

{141,642, . t4m—1}, {2, t+m, t+m+1,. .., t+2m—2}, ...,
{t—1,(t=2)m+3, (t—2)m+4,. .., (t=1)m+1},{t, (t—=1)m+2, (t—1)m+3,... ,mn}}. O

REMARK 2.3. For m = 1, we recover a particular case of the parabolic non-crossing
partitions first considered in [31, 39], and later studied in [30].

REMARK 2.4. We may view the elements of NCS::? as certain non-crossing parti-

tions on an annulus. To that end, we place t nodes, labelled by 1,2,...,¢, on the
inner boundary of an annulus (in clockwise order), and mn — ¢ nodes, labelled by
t+1,t42,...,mn, on the outer boundary (in clockwise order, too).

Given an m-divisible partition 7, we inscribe the convex hulls of the blocks of =
on this annulus. If none of these convex hulls touches the inner boundary more than
once, then 7 is in fact a t-partition. Modelling the non-crossing condition, however, is
a bit more intricate. One requirement, certainly, is that no two convex hulls intersect
in their interior. The other requirement is the following: if B is a non-singleton block
containing the node i for 7 € [t], let j be the smallest node in B\ {i}. This block casts
a shadow on the nodes t+1,t+2,...,j—1 which is impenetrable for blocks containing
¢/ for i < i’ < t. Indeed, if we suppose that there is a block B’ containing ¢’ and
Jj e {t+1,t42,...,j—1}, then the blocks B and B’ would violate the non-crossing
condition for ¢-partitions.

4
<1
not satisfied, be-
cause the block
contains the white
node 3
<2 <2
(a) The annular diagram of the non- (b) The annular diagram of the crossing 3-
crossing 3-partition from Figure la. partition from Figure 1b.

Figure 2. Some annular diagrams of 3-partitions.
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A t-partition is non-crossing if and only if it can be inscribed on an annulus in the
previously described manner. See Figure 2a for an illustration of this construction for
the non-crossing 3-partition

{{1,6,7,8},{2,9,12,13},{3,14},{4,5}, {10, 11} }.

We may “unfold” this annular diagram into the arc diagram from Figure la by order-
ing the vertices from 1,2,...,n and cutting the arc connecting the biggest with the
smallest element in each block.

Note that the crossing 3-partition

{{1,6,7,8},{2,9,12,13}, {3,4,5, 14}, {10,11} }

can be inscribed on this annulus in a non-crossing fashion, too, see Figure 2b. However,
it violates the shadow-condition: the block containing 1 and 6 casts a shadow on
the nodes 4 and 5 which makes them invisible to node 3, while 3, 4 and 5 are in
the same block. Indeed, if we unfold the annular diagram to an arc diagram, then
the arc sequences representing the block {1,6,7,8} and {3,4,5,14} would cross. See
Figure 1b.

For work on non-crossing partitions on an annulus without the shadow-condition
see [21] and the references contained therein.

2.2. WEIGHTED GENERATING FUNCTIdOfNS AND LAGRANGE INVERSION. Let
x1, T2, ... be formal variables, and set zo = 1. We define the weight of 7 € NCSLm) by

w(m) (7‘(’) déf ﬁ l‘i#(bIOCkS of 7 of size mi).
i=1
For example, the partition displayed in Figure la has weight x3z3, the one in Fig-
ure 1b has weight z123. Moreover, we write |r| for the size of 7, i.e. for the number

of elements of the set which is partitioned by 7.
We first study the case t = 1, and define

Nem & () Nel,
n=0

where, again by definition, NC(()m) consists of just one element, namely the empty
partition. Moreover, we define the generating function of m-divisible non-crossing
partitions according to weight by

CM() € ST w™ ()2,

reNc{™

LEMMA 2.5. For m > 1, we have

(2) CM(z) = Z 22O (2)™,
i=0

Proof. Node 1 must be in one of the blocks, say in a block of size mi. If v; =
1,v9,...,v;m; are all the nodes in this block in linear order, then the nodes between
vj and vj41, for j € [mi], (where we identify v,,,;11 with v1) are involved in a smaller
m-divisible non-crossing partition. Equation (2) then follows by standard generat-
ing function calculus: the block containing 1 contributes the term x;2™¢, and the
“small” m-divisible non-crossing partitions between v; and v;4, each contribute a
term C(™)(2) for j € [mi]. O

Before we can move on to the case ¢t > 1 we need to recall the Lagrange Inversion
formula.
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LEMMA 2.6. Let f(z) be a formal power series with f(0) = 0 and f'(0) # 0, and let
F(z) be its compositional inverse. Then, for all integers a and b,

(3) (%) 2P ()1 = (%) 2 f(2)° 7 f(2),
and
(4) a (%) 2F(2)" = =b(2%) 2" f (2)".

Proof. Equation (4) is equivalent to [20, Theorem 1.9b] or [35, Theorem 5.4.2]. The
form (3) is not easy to find explicitly in standard books. However, it can be derived
without great effort by “partial integration” from (4):

(7)) = ) (22) £

d d
_ -1 o b al _ b [ 2 a
=) (5 (2rr) - (2501
d

_ /1N b [ a

=~ ()

= —a (=) F(2) (=),
The coefficient of 27! in the derivative of a Laurent series must necessarily be zero,
which explains the third equality above. O

From now on, let

5 F(2) = =s——
(5) 0¥ gt
and let f(z) denote its compositional inverse. Slightly rewriting (2), we see that it is
equivalent to

L 2C(M)(2) o F(ZC'(m)(z)).

S i (2Cm) ()™
Thus we have 2C(™)(2) = f(2).

LEMMA 2.7. For m,n,t > 1 the generating function )(7) equals

(m
(m) W
TrENCnTt

(6) R S 1020

mn—t+1

o4

d . (F(Z)—mn—i-t—l) .

Proof. Let 7 € NC;’Q). For j € [t], the element j is contained in a block of size mi;
of 7, for some i; > 1. These blocks contribute a weight of x;, 2™ for j € [t], to the
generating function of m-divisible non-crossing ¢-partitions by weight.

Similar to the argument in the proof of Lemma 2.5, between the elements of these
blocks in the range {t+1,...,mn} we find m(i; + - - +4:) —t + 1 “small” m-divisible
non-crossing ¢-partitions, each contributing a term C'(") (2) to the generating function.
We thus have

Z w™) (m) = (z™™) Z Ty, - ~witzm(ilJr"'“t)C(m)(z)m(“*”'”t)*”l
reNCc(™) G144 =1

n;t
:<ZO> Z xil-~-x“z*m"H*1f(z)m(i1+~~+n)ft+1_

i1etin 1
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If we use (3) with b=m(iy +---+1i;) —t+2, a = —mn+t — 1 and the roles of f
and F' interchanged, then this expression becomes

<ZO> Z T e xitZm(i1+~-+it)—t+2F(Z)—mn+t—2F/(Z)
et 21
! _ <z0> (zF(z)_l _ 1)15 Z—t+2F(Z)—m,n+t—2F/(z)’

which is equivalent to the expression in the statement of the lemma. O

3. RANK ENUMERATION IN (NCSL’Z’), <r8f>

In this section we eventually prove Theorem 1.1, and we prepare this proof with a
series of auxiliary results each touching a different aspect of the chain-enumeration in

the poset (NC;:;L), grcf) We start with the enumeration of the elements in NCX’?
with respect to block structure and rank, and conclude the cardinality of NCS:?.

THEOREM 3.1. Let m,n,t be positive integers, and let s,b1,bs, ..., b, be non-negative
integers. The number of m-divisible non-crossing partitions in NCS?;) with exactly b;
blocks of size mi, for i € [n], equals

(mn—t+1)(by +ba+---+by,) —mn(by +ba+---+b, — t)
% mn—t+1 b1+b2++bn
by +bo+--+b,—t b1,ba,...,by ’
Furthermore, the number of m-divisible non-crossing partitions in NC;T;) of rank s
equals

(®) mnt — (n—s)(t —1) (mnt+1> (n>

n(mn —t+1) n—s—t s

(7)

and the total number of m-divisible non-crossing partitions in NCf{:é) 18

©) TrltH((erl)nt).

mn + 1 n—t

Proof. For proving (7), we must extract the coeflicient of

(10) [T«
i=1
in ZWGNC%) w™) (7). We substitute the definition (5) of F(z) in (6) to obtain

(11)
1 00 t d 0o mn—t+1
_ t—2 Lmi - —mn+t—1 1 LM
mn7t+1<z ><Z_lelz > dz ¥ ( +Zm1z >

i=1

0o t 0o mn—t+1
— <Zt—2> (Z SL‘iZmi) Z—mn+t—2 (1 + Zmlzmz>
1=1 i=1
00 t
_ <Zt—2> ( x‘z'rni) z—mn-}-t—l
0o mn—t d 0o
: <1 + inzmi> - (Z xizmi>

=0 =1
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ey S (" (Z iz )W

=0
e ) (B ()
o mn [ | e
- g (") (e

mn—t 1 ¢ d oo t4+L+1
_/.—1\ —mn mn — el . mi
(=7) ez:; t+£+1( ¢ )dz (;“ ) '

To the last term, we apply the easily verified fact

(12) e (96)) == ) o (1)) ato)

Thus, the above expression is turned into

S () (Z e )H

£=0

mn—t ¢ o] t+e+1
_ —1 —mnl mn — mn . mi
e S () et (Se)
mn—t+1 i+
mn mn—t+1\ (mn—t
e S () - () ()

£=0

i t+1\ ( t++ 1)(t + £) — mnl o
o mn — mn — —mn
=" Z ( 1 > (mn—t+1)(t+1) <sz ) '

£=0

As we said in the beginning, we must extract the coefficient of (10) in this expres-
sion. There is a single summand (in the sum over £ above) where we find this term:
the one with £ = by + by +--- + b, — t, and its coefficient is (7).

In order to establish (8) we use Corollary 2.2 to see that the rank of = € NC(m)
with block structure described in the statement of the theorem is

(13) rk(m) =n— (b +ba+ -+ + by).

Thus, what we have to do is to set all x;’s equal to = and extract the coefficient of ™~
in (6). We start with the equivalent expression (11), with the z;’s specialised to x:

1 0o t d 00 mn—t+1
i=1

=1

1 - . Zm t d B e Zm mn—t+1
-_———_——— mn 1
mn—t+1<z >x 1—zm) dz i erl—zm
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The coeflicient of ™~ * in this expression is
m t m n—s—t
_é <Zt72> Z i men+t71 mn—t+1 z
mn—1t+1 1—2m) dz n—s—t 1—2zm
_ <Zt—2> —mnt=2 (mn —t+ 1) ( 2" )n_s
n—s—t 1—2zm
 n—s—t <zt*2> L —mnto1 (M= t+1 Lmo A\l med
mn—t+1 n—s—t 1—2zm (1—2zm)2
msy (M —t+1 1 e
= (™) o
n—s—1t 1-=2
< 7ns> mn —t 1 e
—m(z
n—s—t—1 1—2zm
mn—t+1\/n—-1 mn —1 n
= —m .
n—s—t s n—s—t—1/)\s
This is equivalent to the expression in (8). In order to obtain (9), one has to sum this

expression over all s using the Chu—Vandermonde summation formula, see e.g. [19,
Section 1, (5.27)], which is then followed by some simplification. O

Next we compute the generating function for the completions of elements in NCX’;)
by multi-chains of fixed length.

PROPOSITION 3.2. Let I > 2 be a positive integer, and let s, s3,...,8+1 be non-
negative integers with sh + sz + -+ + s;+1 = n — t. The generating function

/
(14) > ™ (),
where the sum is over multi-chains m <yef T2 S<ref *** <ref M Of m-divisible non-

crossing partitions in NCSZ), where the rank of m; is sh 4+ s3 + -+ + 8, for i €

{2,3,...,1}, is given by
(15) timn —t+1) —sp41(t — 1) <mn> N (mn) (mn —t+ 1)

mn—1t+1 S3 S Si+1

s3+-+si41+t—1
X 3 il - (—1)Ftsattsati-l sstectspti—1
mn+k+1 k

k=0
A <ZO> Zk+1F(Z)_mn_k_1.

If 1l = 2, the empty product (”;;) e (";l") of binomial coefficients has to be interpreted
as 1.

Proof. We prove the assertion by induction on .

For the start of the induction, we let I = 2 and we return to (6), which provides
the generating function for m-divisible non-crossing partitions o in NCnﬁ).

We consider the relation m; <;ef m2. How does m; arise from my? Clearly, what we
have to do is to split some of the blocks of 7o (possibly all) into smaller blocks to
obtain ;. More precisely, each block of 7y of size mb is replaced by an m-divisible
non-crossing partition of mb elements. Hence, to model this in the generating function,
we will replace in (6) the variable z;, by the coefficient of v in 2C(™ (u). (Recall
that C")(u) is the generating function for m-divisible non-crossing partitions.) Here,
the variable x keeps track of the number of blocks of w3 and, thus, by the equation

n — bl(me) = rk(ms) = s,
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respectively equivalently,
bl(’ﬂ'g) =353+t
of the rank of my. From the result we will then extract the coefficient of z*3 %% to
obtain the generating function (14).
Now, the substitution of <umb> xC™) (u) for ap, for b > 1, in the series F(z) yields
the expression

- —1
z <1 + Z 2™ <umb> xC™ (u)) =z (1 +2(C™ () — 1))
b=1

s a2 )

Therefore, doing this substitution in (6), we arrive at

e () (e (1))

Extracting the coefficient of x%3%!, we obtain

a3 () (e (2
= (2472) (mn —t+ 1) J— <f(z) B 1)53+t
53 z
(e (7 1
ey (M) (1)) oo

C (mn—t j31)(53 +1) ) <mn ;; : 1) men% <f(zZ) a 1)S3+t '

At this point, we use again (12) to see that the above expression can be rewritten as

) ()

- (mn—ﬁlii(ss—i—t (=7 >< n;:H) ot (@—1)33“

_ tmn—t+1) —s3(t - 1) )(mntJrl) () (f(z)_1>53+t
(

-1

(mn—t+1)(s3+1) z
tmn —t+1) —s3(t—1)
(mn —t+1)(s3+1t)

mn—t—l—l)

R e <83;t) (™) (f()>k

k=0
which is seen to be equivalent to (15) with | = 2, once we use (4) with a = k and
b = —mn — k and subsequently replace the summation index k by k + 1.

Next we perform the induction step. We assume that the assertion is true for
multi-chains consisting of [—1 elements and consider the multi-chain 7 <;et T2 <ot
- yef M- The induction hypothesis implies that the generating function

Z/w(m) (7‘(2
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where the sum is over all multi-chains mo <yef « -+ <pof 7 0of m-divisible non-crossing
t-partitions, where the rank of 7; is (sh+s3)+s4+---+s;, fori € {3,...,1}, is given by

(17) tmn —t+1) —sp41(t — 1) <mn> o (mn> <mn —t+ 1)

mn—t+1

84 S Si+1
Sat-tsip1t+t—1
x > ;(*1)k+84+'”+51+1+t71 sgt- s tt—1
Pt mn+k-+1 k

. <ZO> Zk+1F(Z)7mnfk71.
We now consider the relation m; <;ef m2. We already saw that, in order to model
this relation in the generating function, we have to replace the variable z;, by the
coefficient of 4™ in 2C(™) (u) everywhere. Again, the variable 2 keeps track of the
number of blocks of m5. By Corollary 2.2 we have
n — bl(ms) = rk(ms) = sb,
respectively equivalently,

b1(71'2):83+84+"‘+81+1+t.

Hence, from the result of the substitution we will then extract the coefficient of
pstsatFsititt 6 obtain the generating function (14).
Using (16), we see that the substitution of (u®) 0™ (u) for x;, in (17) leads to

ttmn—t+1) —s;41(t—1) (fmn mn\ (mn—t+1
mn—1t+1 S4 sy Si4+1
Sg+-tspp1t+t—1

1 1S4+ s+t -1
% -1 k+sa+-+sip1+t—1
kZ:o mn + k + 1( ) k

(20 zmm (1 +z (fiz) - 1)>mn+k+l )

The coefficient of %3 +54++ ~+si1+t in this expression equals

ttmn—t+1) —s;41(t — 1) (mn mn\ (mn—t+1
mn—t+1 Sy S Si+1
Sat-t+sip1t+t—1

1 i fsa+H s t+t—1
% -1 k+sg+-+sp1+t—1
Z mn + k + 1( ) k

1 s3+sq+-tsip1+t
.<ZO>Z—’mn( mn +k + ) (f(z) _1>

S3+Sq4+--+S41+1 z

B ttmn —t+1) —s41(t —1) (mn) (mn> (mn —t+ 1>
o (mn—t+1)(sz3+sa++ s +H1)\ sy s Si+1
sa+-+si41+t—1

X Z (_1)k+1( mn +k )<S4+---+sl+1+t—1>

=0 S3+Ssa+--+s1+t—1 k

k=0

(18)
S3+Sa+---+sip1+t

(71)53% <83 + 84+ g + 8141 +t) . <zo> menfff(z)f'
£=0

At this point we should note that the sums over k and ¢ have become com-
pletely independent. Moreover, the sum over k£ can be evaluated by means of the
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Chu—Vandermonde summation formula. Namely, we have
Sattspp1+t—1

= s+ +sp1+t—1 k

_ (_1)mn7337"'781+17t+1 Z

Sat-+sip1t+t—1 <
k=0

_83_"‘_Sl+1_t
mn—+k—s3—---—s41—t+1

( Sa+ -+ s +t—1 >
Sa+ -+ s t+t—1—k

(71)mn7537~~7sl+17t+1 <_83 - 1>

mn — S3

:(_1)S4+"'+5l+1+t1< mn )

mn — S3

If we substitute this in (18) and use (4) with a = ¢ and b = —mn—¢, and subsequently
replace the summation index k by k 4 1, then we obtain exactly (15). O

We are now in the position to prove the rank enumeration with prescribed block
structure of the first element in the multi-chain.

THEOREM 3.3. Let m,n,t,l be positive integers, and let s1,S2,...,8+1,01,b2,...,bp
be non-negative integers with sy + so +-- -+ s;4+1 = n—t. The number of multi-chains
T Spof T2 Sref *** <ref M in the poset of m-divisible non-crossing t-partitions with
the property that tk(m;) = 81+ s2 + - - + s;, for i € [l], and that the number of blocks
of size mi of w1 is b;, for i € [n], is given by

ttmn —t+1) — s;41(t — 1) <b1+b2+"'+bn>
(mn—t+1)(b1+b2+--~+bn) b1,ba,...,by

(- ),

ifby +2bs+---+nb, =n and s1 + by +bs + -+ b, =n, and 0 otherwise.

(19)

Proof. We use Proposition 3.2 with s, = s1 + s5. We have
n — bl(m) = rk(m ) = s1,
or equivalently,
bl(m) =sa+s3+ -+ s41 + ¢.
Hence, we must replace x;, by xxp in (15) and extract the coefficient of

1.82+S3+"'+Sl+1+tx?1xl212 . bn.

Doing the substitution zp — xxp in (15), we obtain
ttmn—t+4+1) —sj41(t —1) (mn mn\ (mn—t+1
mn—1t+1 83 St Si+1

s3+-t+sip1t+t—1
X Z ;(_1)k+‘93+'“+51+1+t—1 (53 +o s - 1)

— mn+k+1 k

00 mn—+k+1
(2™ (1 +x Z xizmi> .
i=1

Algebraic Combinatorics, Vol. 5 #3 (2022) 448



The rank enumeration of certain parabolic non-crossing partitions

Here we have to extract the coefficient of x%2 3t +siritt This is
ttmn—t+1) —s;41(t — 1) (mn mn\ (mn—t+1
mn—t+1 S3 Sy Si+1

s3+-tsip1t+t—1
X > ;(71)k+83+---+51+1+t71 szt s tt—1
mn+k+1 k

k=0
Lkl 0o sot+s3+- - +sip1+t
(2™ ( mn ) inzmi
s2t s34 tsip+t) \ o

The sum over k is completely analogous to the sum over k in the proof of Propo-
sition 3.2 and, hence, can as well be evaluated by means of the Chu—Vandermonde
summation formula. In this way, the above expression turns into

(20) tmn —t+1) — s (t — 1) (mn> N <mn> (mn . 1)

(mn—t+1)(sa+s3+ - +s41+1t)\ s3 s Sia1

00 s2+s3+-+si41+t
mn ,
« ( > <Zmn> Zmizmz
52 i=1

Now we must extract the coefficient of #*25 - - - 28 in this expression. The result is

ttmn —t4+1) —s41(t — 1) mn mn\ [mn—t+1
(mnt+1>(82+53+~~+8z+1+t)(Ss)"' ( s >( si1 )
" (mn) (82+83+--~+Sl+1 —l—t)
S92 bl,bg,...,bn ’
or zero if sg + s34 -+ + Si41 +t # by + ba + - - - + b,. However, our assumptions do
indeed imply this relation. Little manipulation then leads to the expression (19). O

We may now embark on the proof of Theorem 1.1.

Proof of Theorem 1.1. We reuse (20). Since, at this point, all rank conditions of the
multi-chain 71 <ief T2 <pef * -+ <ref M are already built in the calculation, it suffices
to put all the z;’s equal to 1 and then finish the calculation. Consequently, we get

ttmn —t+1) —s41(t —1) mn mn\ (mn—t+1
(mn—t+1)(sa+s3+---+s41+1t)\ s3 s Si+1

0o s2+s3+-+si41+t
52

i=1
B ttmn —t+1) — s;41(t — 1) mn mn\ (mn—t+1
(mn—t+1)(82+83+"'+81+1+t)<83>“.(Sl)( S1+1 )
(e ()
So 1—2zm
timn —t+1) —spq(t — 1) (mn mn\ [mn—t+1
 (mn—t+1)(n—s1) (83)(81)< Si+1 >

() ()

Now the extraction of the coefficient of 2”1 in the binomial series and little simpli-
fication finishes the proof. O

We record two corollaries of Theorem 1.1. The first corollary provides a simple

formula for the number of maximal chains in (NCZ’;), gref).
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COROLLARY 3.4. The number of maximal chains in the poset of m-divisible non-

crossing t-partitions equals mt(mn)"~t=1.
Proof. Choose l=n—1t+4+1,s1 =0, =53 ="+--=85,-¢+1 =1, and s,_¢42 =0 in
Theorem 1.1. O

The second corollary allows us to compute the zeta polynomial of (NC,(::?, éref),

i.e. the polynomial whose evaluation at [ yields the total number of multi-chains of
length | — 1.

COROLLARY 3.5. For l > 1, the number of multi-chains m1 <ief T2 <vef = ** <ref M_1

in the poset (NCS;?)7 <ref) equals

qef (1= Vmt +1 <n+(ll)mnt>'

(m)
21 Z, () =
(21) it (1) (I—1)mn+1 n—t

Proof. In Theorem 1.1, we replace | by [ — 1. What we have to do is to sum the
expression (1) over all possible sy, $2,. .., 5. We have

Z t(mn—t—l—l)—sl(t—l)(n)(mn) (mn)(mn—t+1)
S1+8o+-ts=n—t n(mn —t+ 1) 51 52 Si—1 Si
B Z t(n)(mn>”.<mn><mn—t+l>
51+S2+“'+Sl:n—tn S1 §2 Si-1 St
3 Z t—l(n)(mn)n.(mn)(mn—t)
s1+s2++s=n—t n 51 52 Si-1 51— 1 .

Both multiple sums are iterated Chu—Vandermonde convolutions. Thus, we obtain

t(n+(l—1)mn—t+1) _t—1<n+(l—1)mn—t>

n n—t n n—t—1
t(m+({0—1mn—t 1/n+{—-1mn—t
= — + — s
n n—=t n n—t—1
which can be simplified to the right-hand side of (21). O

(m)

n;t

4. THE M-TRIANGLE OF NC

We now consider the (bivariate) generating function of the Mobius function in
(NCSS), gref); see [36, Section 3.7] for a definition of and some background on the
Moébius function of posets in general.

m)

DEFINITION 4.1. For positive integers m,n,t, we define the M-triangle of NC,,.," by

m def rk(m rk(m
(22) M{P@y) S 3 plmma)at Iy,
Wl,#zENCiZ)

where v denotes the Mobius function of (NCS;?, gref).

If t = 1, then we recover the type-A case of [1, Definition 5.3.1]. We may use
Theorem 1.1 to explicitly compute M,(LWZ)
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THEOREM 4.2. For positive integers m,n,t, the M-triangle of NC;@ equals

n—tn—t

(23) M(m) (x,y) _ Z Z (71)sfrt(mn —t+ 1) — (n —t- S)(t - 1)

it n(imn —t+1)

(n)(mn—t+1)<mn+s—r—1) .
r n—t—s s—r

Proof. We follow a strategy that has been applied earlier in [22, Section 8] and [25,
Section 9], and which exploits the equality

r=0 s=r

p(my,me) = Zfﬁ)(ﬁaﬂz; —-1),

where Z,(L"t’) (my,m;2) is the polynomial whose evaluation at positive z yields the

number of multi-chains of length z — 1 which lie weakly between 7y and m,. This
equality is [36, Proposition 3.12.1(c)] tailored to our current situation.

In order to compute the coefficient of z"y* of M,(:Z), we sum the zeta polynomials

Z,(:'Z)(m, mo; 2) over all 7y, 7o € NCS;) with rk(m1) = 7 and rk(m2) = s, and evaluate
the resulting expression at z = —1.

The zeta polynomials we require can be obtained from Theorem 1.1 by setting
l=z+1,s1=r,n—t—s41 =8,8 +S83+---+5 =s—r, and then summing
over all possible ss, s3,...,s;. By using the Chu—Vandermonde summation formula,
one obtains

g ()2 ()

If we evaluate this expression at z = —1, then we obtain
(71)877,t(mn7t+1) —(n—t—s)(t—1) (n> (mnt+1) <mn+sr1)
n(mn —t+1) r n—t—s s—r
as desired. O

The main purpose of our consideration of the M-triangle of NCfﬂ) is a surprising

connection conjectured in the case t = 1 by Chapoton in [12, 13] for m = 1, and
generalised by Armstrong in [1, Section 5.3] to m > 1.
This connection predicts the existence of two polynomials, denoted by F,(f?) and

Hf:t’), with non-negative integer coefficients, that can be obtained from M,(L”Z) by
certain substitutions of the variables. In the case ¢t = 1, explicit combinatorial expla-
nations of these polynomials (as generating functions of certain combinatorial objects)
are known. For ¢ > 1, we conjecture a combinatorial description of one of these poly-

nomials in Section 5.

THEOREM 4.3. For positive integers m,n,t, there exist polynomials F,(L??),H,(L:?) €
Z|x,y] with non-negative integer coefficients such that the following equalities hold:

m n— m + ]- -
Fr(L,t)(I7y):y tM7(L;t) <y ay )
y—xr oy

m 1 1
= xn_tHfz't) <x+ ) y+ ) ’
' T rz+1

m n—t m Yy xy—l
H (2,y) = (2(y — 1) +1) ”¢Q<yrz@(1)LJ

— (@ — 1)t B ( L oaly—1)+ 1) |

mt\pg—1" z-1
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m e m 1— 1
MU (2, y) = (ay — 1) tF,S;R( y )

xy—1" a2y —1
, -1 =z
— (1 — )t ylr —1) _
( y) n;t 172—,/ 7:1771

Proof. By Theorem 4.2, we have
. —1)
H () % (o — 1) 4 1) g (Y =W
n;t ($7y) ((E(y )+ ) n;t y_171+x(y_1)
ttmn—t+1)—(n—t—s)(t—1)

= 2 e w1 1)
. <n> <mn —t+ 1) <mn +s—r— 1>xsyr(y 1)Ly — 1))n—t—s

sS—T

Ly ettt

nimn —t+1)

mn—+s—r—1

N
=3
~—
/—§
TS
-« |
‘P#
w T
—
~
N

R

s—1
n—t—s n—t—s
) ( iy )xn—t—k—s(y _ 1)n—t—k—s
k=0
- n\(mn—t+1\ . p r o \n—t—k—r
= (T> ( § ):v y'(y—1)
o<r,k<n—t
X"fk tmn—t+1)—k(t—1) (n—t—k—s)(t—1)
g n(mn —t+1) n(mn —t+1)

—-mn\ /mn—t—k+1

s—r n—t—k—s )
The sum over s can be evaluated by means of the Chu—Vandermonde summation
formula. This yields

—t+1
H(m) _ n mn n—t—k,r( _ 1\n—t—k—r
ot (2, y) > (r) ( L 2" Ry (y — 1)
o<r,k<n—t
. (t(mn—t+1)—k(t—1)( —t—k+1 )

nimn —t+1) n—t—k—r

_(mn—t—k+1)(t—1)( —t—k ))

n(mn —t+1) n—t—k—r—1

n\(mn—t+1\ ,_,_ Tnitikw n—t—k—r n—t—k—r—
B B

o<r,k<n—t h=0
tmn —t+1) —k(t—1)( —t—k+1
nimn —t+1) n—t—k—r

- (mn—t—k+1)(t—1)( t—k ))

n(imn —t+1) n—t—k—r—1

n—tn—t—k n—t—k—h
mn—t+1 n
— ~1 h n—t—k, n—t—k—h
> (-1 ( k )x Y > -

r=0
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. (t(mnn—(;: i)t—Jrkl()t -1) ( t—k+ 1) (n—_t t__k _hr+_1h>
~ (mn—t—l:lz—lr)L(t—t i)1n t—k—r) ( - ) (n—t;kk—hrﬂh))

n—tn—t—k < n—t+1>< t—k+1> n—t—k Y t—k—h
=2 > ! '

k=0 h=0
(R ()
e e O L )

S (mn—t—k+1)t-Dn/n—-1\/—-t-k-h+1
nmn—t+1)(t+k—1)\r—1/\n—t—k—r—h/))"
Now the sum over r can be evaluated by means of the Chu—Vandermonde summation
formula. Consequently, we obtain

n—tn—t—~k
(m mn —t + 1 —t—k + 1 n—t—k mn—t—k—~h
TR D (i p ey

k=0 h=0
(tmn—t4+1) —k(t—-1)n—t—k—h+1
nimn —t+1) n—t—k—nh

mn—t—k+1)t—-Dn—t—k)(n—t—k—h+1
* nimn—t+1)(t+k—1) < n—t—k—nh )

(mn—t—k+1)t—n/ n—t—k—nh
n(mn—t+1)(t+k—1)<n—t—k—h—1>)

S E =t 1\ [tk h—2 etk Ttk
=2 > k h vy

k=0 h=0
mn—k)—t+1 mhk
mn—t+1 (mn—t+1)({t+k—1)

B i"f’“ (mn —t+ 1) (t thk+h— 2) I ——

mk(t+k+h—1)
(1 (mn—t+1)(¢ +k—1))

_"Z_:M_t_k((mn—t+1>(t+k+h—2>
B k h
h=0

mn —t t+k+h—1 —t—k n—t—k—h
k—1 h

Using the restriction h < n —t — k, we see that

(mn—t+1D)({t+k—1)—mk(t+k+h—-1)2(mn—t+1)(t+k—1)—mk(n—1)
>mk+(t—1)(mn—k—t+1).
Since t > 1 by assumption and & < n — t due to the restriction on the first sum,

the above expression is evidently positive. This shows that the coefficients of this
polynomial are indeed positive integers.
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Now, using the expression for HT(:Z)(JT, y) found in (24), we compute

e — +1 y +1
Fm) def n—tpp(m) (&
n;t (l’,y) T n;t T ) x + 1

_”Z‘t”‘t"“ mn—t+1\ (t+k+h—2
N k h

k=0 h=0

. (w}zn_—f) (t +k —; h — 1)) (@ + l)hxk(y n 1)n7t—k7h
_n—tn—zt—k mn—t4+1\/t+k+h—2 3 mn—t\ (t+k+h-—1
—. k h m k—1 h
h n—t—k—h

h atk ’I’L—t—k‘—h b
s ()

_ —bn—t—k—->b
_ Z Z (_1)n—t—k—b mn—t+1
k

—t—k+1\[(h b1 kb
( h )(a)(n—t—k—h—b)x Y

(—t—kA1\ (~t—k—a+1 h—1 kb
a h—a n—t—k—h—-b)" Y

t—k\[~t—k—a —h—1 ko

( a >( h—a ><n—t—k—h—b)‘” v

The sum over h can be evaluated by means of the Chu—Vandermonde summation
formula. If we additionally replace a by a — k, then we obtain

n—tn—t—a a
—t+1\[/t4+a—2 n—1
Fm _ mn a,b
Wi (@) ZZZ( : ook Mot _a_p)™

a=0 b=0 k=0

i e mn—t\ (t+a—1 n "
_Z Z Zm(kj—l)( a—k )(n—t—a—b)x .

a=0 b=0 k=1
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Here, the sums over k can be evaluated by means of the Chu—Vandermonde summation
formula. Thus, we arrive at

. n—tn—t—a +a—1 _1
reten =23 ("))

a=0 b=0
mn+a—1 n a b
—-m x
a—1 n—t—a—2>at Y

n—tn—t—a
mn+a—1 n t+b , 4
(25) :Z 2 ( ><t+a+b) n Y

a b=

0
The coefficient of 299" in Fr(f?) (z,y) is clearly positive. The remaining equalities follow

easily. O

Let us call the polynomials F,(L:?) and H,(:;L) the F-triangle and the H-triangle, re-
spectively. Since Theorem 4.3 states that these polynomials have non-negative integer
coeflicients, it is an intriguing challenge to explain these polynomials combinatorially.

For ¢ = 1, such explanations were given in [1, Section 5.3], generalising the case
m = 1 from [12, 13]. The F-triangle is the generating function for faces of the m-
divisible cluster complex, where  marks the coloured positive roots, and y marks the
coloured negative simple roots. The H-triangle is the generating function for positive
chambers in the extended Shi arrangement, where z marks coloured floors and y
marks coloured ceilings.

Starting from these concrete definitions of the F-; H-, and M-triangle, it is far from
obvious that the relations from Theorem 4.3 hold; they were shown to be satisfied in
several papers [3, 22, 23, 25, 37, 38]. (These papers address a more general definition
of those triangles for finite Coxeter groups.)

Surprisingly, [18] defines F-, H-, and M-triangles in the context of yet another
generalisation of non-crossing partitions. Conjecture 1.2 and Corollary 5.5 in [18]
suggest that the relations from Theorem 4.3 should hold in their setting, too.

5. A CONJECTURAL COMBINATORIAL DESCRIPTION OF THE H-TRIANGLE
5.1. GEOMETRIC MULTI-CHAINS OF FILTERS OF THE TRIANGULAR POSET. Forn > 1,
let

def .
T, = {(i,4) [ 1<i<j<n}
be the set of ordered pairs of integers between 1 and n. We define a partial order on
T, by setting
(26) (i,7) = (k,1) ifand only if ¢>kandj <!

for all (4,7), (k,1) € T,. The poset (T, =) is the triangular poset of degree n. For
(4,4), (k,1) € T,, we define their formal sum by

i)+ (kl)def{(i,l), if j =k,

1L otherwise,

7

which extends to subsets of T;, as follows:

A+BYfa+blacAbeBat+b# 1}

A filter (of Ty,) is a set X C T, such that (,5) € X and (i,5) < (k,l) together
imply (k,1) € X. A multi-chain of filters (of Ty,) is a tuple (Vi, Vi—1, . . ., V1) of filters
with V,, CV,,—1 C--- CV; CT,. The next definition is adapted from [2, page 180].
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DEFINITION 5.1. Let Vo = T,,. A multi-chain of filters (Vin, Vin—1,..., V1) is geomet-
ric if

(27) Vi+V; C Vi
holds for all indices i,j > 1 (where we set Vi, = V,,, for k > m), and
(28) (T N Vi) + (Ta N V;) © (Ta Vi)

holds for alli,j > 1 with i+ j < m.

Now, for ¢ € [n], consider the filter

Tt {(i4) € T | 5 >t}
A t-filter is a filter of the poset (T, <), and a multi-chain of t-filters is a tuple

Vi, Vin—1, . . ., V1) of t-filters with V;, Q_Vm_l cC..-CV.
By definition, every multi-chain of ¢-filters is a multi-chain of filters. We call a

multi-chain of ¢-filters geometric if it satisfies both (27) and (28).

CONJECTURE 5.2. The number of geometric multi-chains of t-filters (Vi Vin—1,. .., V1)
18

mt+1[(m+1)n—t

mn + 1 n—t '

In fact, it may appear more natural to generalise the notion of geometric multi-
chains to T}, by adapting (28) so that we take complements with respect to T,,;. This
definition, however, does not produce the desired number of geometric multi-chains
as the next example shows. The number that appears in Conjecture 5.2 is desirable,

(m
n;t

EXAMPLE 5.3.Let m = 2, n = 3, and ¢ = 2. Then, we have T3, = {(1,3),(2,3)},
and the three 2-filters are @, {(1,3)}, and {(1,3),(2,3)}. There exist the following
six multi-chains of 2-filters of length 2:

(@,@), (@,{(1,3)}), (@,{(1,3),(2,3)}),
(fwah{w3}). ({(wah{as,es}), ({13),239}4{13),23)}).

Since we have

because it is precisely the cardinality of NC ), see Theorem 3.1.

(1,3)+(1,3) =(1,3)+(2,3) = (2,3) + (2,3) = L,

we conclude that each of these multi-chains satisfies (27), and the adapted variant
of (28), where complements are taken in T5.5. If we take (28) as stated, however, then

we observe that ({(1, 3)}, {1, 3)}) does not satisfy this condition, because

A= TS ~ {(LS)} = {(1a2)7 (273)}a
and A+ A={(1,3)} Z A.
It follows that there are 5 = ggi} (333:22) geometric multi-chains of 2-filters of
length 2.

Let us denote by NN%’”) the set of all geometric multi-chains of filters of length m,
and let us denote by NNg:;L) the set of all geometric multi-chains of t-filters of
length m. As noted before, we have NNS?? C NN&Z”) with equality if and only if
t=1.

REMARK 5.4. One way to prove Conjecture 5.2 is by exhibiting an explicit bijection
from NC(7}) to NN{7.
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Moreover, we denote by (NNS??, Q) the set NN;@ ordered by componentwise
inclusion.
LEMMA 5.5. Let (Vin, Vin—1, ..., V1) and (W, W1, ..., W1) be two geometric multi-
chains of t-filters that form a covering pair in (NN(m) Q). Then, there exists a unique

n;t

index j € [m] such that V; = W; fori # j and V; and W differ in exactly one element.

Proof. For t = 1, the claim follows from [2, Theorem 3.6], which states that the
geometric multi-chains of filters correspond bijectively to regions in the fundamental
chamber of the extended Shi arrangement. Moreover, the adjacency graph of these

regions corresponds to the poset diagram of (NNng)7 g). Then, crossing a wall in
the fundamental chamber corresponds to a covering pair in (NNg:Z), Q); the colour
of this wall determines the index j from the statement, and the normal vector of
the hyperplane supporting this wall determines the unique element in which the j-th
components of the multi-chains in question differ.

For t > 1, the claim follows from the fact that T,,,; is a filter of 7,,, which implies
that covering pairs in (NN(m) g) are covering pairs in (NN%m), g). O

nit

Now, let V = (Vin, Vin—1,+ ., Vi), W = (Wyn, Wyn—1,...,Wi) € NN be such
that W covers V in (NN(m) C). We define

nit » =

(29) A (V, W) €W, Vi,

which by Lemma 5.5 is either the empty set or a set consisting of a single pair (4, 5).

For W € NN we set

n;t

(30) FL,, (W) % U Al (V, W).
VeNN{™)
Vis covered'by w

Finally, we denote by

St def {(t,t+1), (t+1,t+2),...,(n—1,n)}

the set of minimal elements of (Tn;t, j).
We may now use these definitions to conjecture a combinatorial explanation of the
H-triangle. For positive integers m,n,t we define

~(m def
(31) HD (@) 30 IO FLosnd,
VENN{Y

Note that, for ¢t = 1, we recover exactly the type-A case of [1, Definition 5.3.1].

CONJECTURE 5.6. For positive integers m,n,t we have I:T,(LT) (z,y) = H,(f?) (z,y), ie.

n—tn—t—~k
~(m mn—t+1\/t+k+h—-2
e =Y > ("))

k=0 h=0
mn —t t+ k + h—1 n—t—k n—t—k—~h
() ()

EXAMPLE 5.7. Let us continue Example 5.3. Figure 3 shows (NNg?%, g), where the

covering pairs are labelled by the map fl; from (29). With S3,2 = {(2,3)}, we compute
H§22)(x,y) =xzy+z+3

in agreement with Theorem 4.3.
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({(1,3), (2,3)},{(1,3), (2,3)})

Figure 3. The poset (NN;?%, Q).

5.2. A DYCK PATH MODEL FOR m = 1. Let us now focus on the case m = 1.
In particular, we observe that now the “geometric” condition from Definition 5.1 is
vacuous, and the set NNS% consists simply of the t-filters of 7T},.;. We will think of
these filters equivalently as certain lattice paths.

A Dyck path is a lattice path starting at the origin, ending on the z-axis, and which
consists only of steps of the form (1, 1) (up-steps) and (1, —1) (down-steps) while never
going below the z-axis. The length of a Dyck path P is its number of steps, denoted
by £(P). A t-Dyck path is a Dyck path that starts with ¢ up-steps. Let D,,,; denote
the set of all t-Dyck paths of length 2n.

A walley of a Dyck path is a coordinate on this path which is preceded by a down-
step, and followed by an up-step.

LEMMA 5.8. For positive integers n,t, the sets NN and Dyt are in bijection.

n;t
Proof. Such a bijection, say O, can be constructed by fitting a ¢-Dyck path below

the t-filter such that the minimal elements of V € Nan;,)5 correspond to the valleys of

O(V) € Dyt O
See Figure 4 for an illustration.

COROLLARY 5.9. For m = 1, Conjecture 5.2 holds, i.e. the cardinality of NNS;,): is

M(?nft)

n+l\n—t/"

Proof. By Lemma 5.8 the cardinality of NN;I;,)5 equals the cardinality of D,.;, which
by [24, Corollary 10.3.2] equals the desired quantity. O

Let us now describe what the map FL; from (30) counts, when composed with the
bijection from Lemma 5.8.
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Figure 4. Illustration of Lemma 5.8. The green path belongs to D125,

. 1
the black dots represent the corresponding element of NNgQ); 5

A peak of a Dyck path is a coordinate on this path which is preceded by an up-step,
and followed by a down-step. We note that the set of peaks (or respectively, valleys)
uniquely determines a Dyck path. The height of a peak (or respectively a valley) is
its ordinate. For P € Dy, we write v(P) for the number of valleys of P, we write
p(P) for the number of peaks of P, and we write r(P) for the number of valleys of P
of height 0.

For Py, P, € D, we say that P; dominates Py if P lies weakly below P; (as a
lattice path). We denote® this relation by P; <ddom P2. The partially ordered set

(’Dn;t, gddom) is isomorphic to (NN(I) g) via the bijection from Lemma 5.8, and its

n;tr

dual was for instance studied in [5, 7, 17, 27, 28]. Figure 5 shows (D4;2, gddom).
PROPOSITION 5.10. For positive integers n,t we have

(32) ) ()= > av @y,
PED,.

Proof. Observe that, since we are in the case m = 1, the empty set is not in the
range of the map fl;. Now let W € NNS;% and Q = ©(W) € D, be the t-Dyck path
corresponding to W via the bijection from Lemma 5.8.

By construction, if V is covered by W, then there exists a unique valley of @,
say at coordinate (p,q), such that ©(V) agrees with @ except that it runs through
(p, q+2) instead of (p,q). More precisely, the path ©(V) arises from @ by changing
the down-step before (p, q) into an up-step, and by changing the up-step after (p, q)

into a down-step. This establishes |[FLi(W)| = v(Q).

Now, let V be an element in (NNS;%, Q) covered by W, and let P = O(V) be the
corresponding ¢-Dyck path. Again by construction, we find that fl;(V, W) € S, if
and only if P has a peak (p,2) and @ has a valley (p,0). Therefore |FL1(W) ﬂSn;t| =

O

r(Q).
In Figure 5, we have labelled the elements of the poset additionally by the term
they contribute to H, ilz). The readers may convince themselves that Proposition 5.10

)

(3)Note that if a path dominates another, then it is smaller than the other path in this partial
order. Hence the subscript “ddom” for “dual domination”.
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Figure 5. The poset (D4;2, gddom), overlaid by the poset (NNS%, Q).
The edges are labelled by the map fl; from (29). Next to each 2-filter
(respectively 2-Dyck path), in dark red, is the term it contributes to

ﬁilz)(wy)

holds. We obtain
ﬁilg)(x,y) =22y? + 2%y + 22 + 22y + 3z + 1,
which confirms Conjecture 5.6 in this case.

REMARK 5.11. The combinatorial description of ﬁT(th) (z,y) described in Proposi-
tion 5.10 was found with the help of FindStat [33]. In [29, Section 5], a combinatorial
description of H,(ft) (x,y) is conjectured, which counts ¢-Dyck paths according to
various kinds of peaks. We leave it as a challenge for the readers to give a bijection
on D, that exchanges the corresponding pairs of statistics.
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Before we conclude this article with the proof of Conjecture 5.6 in the case m =1,
we recall the Lagrange—Biirmann formula.

LEMMA 5.12 ([20, Theorem 1.9b]). Let f(z) and g(z) be formal power series with
f(0) =0, and let F(z) be the compositional inverse of f(z). Then, for all non-zero
integers a,

(= g(F(2)) = = (=) ¢ (2)F~*(2).

a

THEOREM 5.13. For m = 1, Conjecture 5.6 holds, i.e. H,(Ilt) (z,y) = I;'fllg(x,y) for all
positive integers n and t.

Proof. We first determine the generating function for (all) Dyck paths, where z keeps
track of the length and = keeps track of the number of valleys, see (33) below. Based
on that equation, we then determine the generating function for ¢-Dyck paths, where
again z keeps track of the length and = keeps track of the number of valleys, but
where also y keeps track of the valleys at height 0, see (36).

A Dyck path can either be empty, it may have no valleys of height 0, or it may
have a valley of height 0. In the latter case, such a Dyck path may be decomposed
as uPydPs, where u denotes an up-step, d denotes a down-step, and P; and P, stand
for Dyck paths, of which P; can possibly be empty.

Let us abbreviate

Dy < U D,

n=0
and let

Dy (x:2) < Z xv(P) HP)/2
PeD,

denote the generating function for Dyck paths by the number of valleys. According
to the reasoning in the first paragraph of this proof, we obtain the equation

(33) Dy(w;2) =1+ 2D1(x; 2) + 22Dy (w3 2) (D1 (x5 2) — 1).

Equivalently, writing D(z; 2) def D1 (x; z) — 1, this can be rewritten as

D(x; 2)
(14 D(z;2)) (14 zD(x; 2))

(34)

= Z.

In fact, we want to consider ¢-Dyck paths, which are precisely the Dyck paths that
start with ¢ up-steps. Let us write
def
Do;t é U Dn;t7
n=0

and
ef v r
Dy i (z,y;2) do E 2V (P)yr(P) U(P)/2

PeDo;t

A t-Dyck path may be decomposed in the form

(35) u...u(Pyd)...(Pd)(uPyd). .. (uPsd),

t times
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for some non-negative integer s, where the P;’s and P;’s again stand for (possibly
empty) Dyck paths. In D ,(z,y; 2), the path P, contributes a factor zD;(x;2), be-
cause it cannot be preceded by a valley. If ¢ > 1, then the path P; is preceded by
a valley (of height > 0) if and only if it is not empty, and therefore contributes a
factor z(l + x(Dl (z;2) — 1)) The collection of the P;’s forms an ordinary Dyck path
separated by its valleys of height 0, and therefore, this piece contributes a factor

o0

Z (zyzD (; z))S =

s=0

1
1—azyzD1(z;2)

We have just explained the following form for the generating function:

(36) Dy (2, y;2) = Z(my) (2D (; z)) (z(l + z (D1 (z;2) — 1)))t_1.
s=0
Proposition 5.10 then implies
Hyi(2,y) = (") Dia(a, 43 2)
= (") 3_(29)° (zD1(2:2)) " (2 (1 + 2 (Da(a:2) ~ 1))
s=0
= Z(xy)s (2" (14 D(x; z))S+1 (1+2D(z; z))ti1
s=0

By (34), the compositional inverse of D(x;z) is 797 Lemma 5.12 with

F(2) = D(z;2) and g(2) = (1 + 2)*1(1 + 22)!~! therefore yields

A (,y) = :OO(:vy)s (z"717%) g(D(x; 2))
" t+n§:1n_t_s 271 ((s+1)(1+z)8(1+m)t—1
+(t—1)(1+z)5+1x(1+xz)t—2> (M) e
(=)™ t+nzt;1nts " ((3+1)(1+2)"_t(1+xz)”_3_1
+ (= 1)1+ 2)" a1+ >>
= (zy)" " + niol - (_xz:)_ -

n—tn—s—1 n—t n—s—1
<Zn t—s—1 <S+1 Z ( )( ) )xbza—i-b
a=0 0

b=
—t+1n—s—2
o () ()
a=0 b=0 a

n—t=s—1 ip the inner expression, that

. The underlying equation yields

At this point, we read off the coefficient of z
is, the terms that correspond to z%t0 = zn—t=s—1
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a=n—t—s—1—b. Thus, we obtain

n—t—1

~(1) o n—t N (zy)®
Hyi(xy) = (zy)" " + ; s
n—s—1
n—t n—s—1
. 1 b
((SJF ) Z <n—t—s—1—b>< b ):c
b=0
n—s—2
n—t+1 n—8—2\
He-1) Z (ntslb)( b )a: '
b=0
In the second sum, we replace the summation index b by b — 1, to get
( " (ay)*
H n—t
() = ™+ 32
i n—t n—s—1
) - -5~ b
<(S+1) Z <n—t—s—1—b>< b )x
b=0
n—s—1
n—t+1 n—s—2\ ,
-1
e )Z (ntsb)( b—1 )33)
b=0
n—t—1n—s—1 s+b
et ' n—t n—s—1
1
e S T (e, ) ()

+(t - 1)<nﬁ;f1—ib> <n ;EIQD .

Next we put b = r — s. Then the above expression becomes

n—t—1n—1
-t n—s—1
o) e Y 2: 1 "
nit (@y) = (2y)" "+ n—t— s+1) n—t—r—1 r—s

s=0 r=s
n—t+1\/n—s—2
t—1
+ )(n—t—r)<r—s—1>>
:5 n t+nzt:1n2:t +1) n—t\/n—s—1
v) SOTSn—t—s r+1 rT—5

se-n(" ) G00)

- "“’”x (n—t)!(n—s—Q)!
()™ + ; — r+D)!n—r—r—s)!n—t—r)!
(( +1)( n—s—1)(n—t—7")+(t—1)(n—t+1)(r—s))
n—t—s
n—t—1n—t
gyt (n—t)!(n—s—2)!
+ ;) — r+1)!(nfr—1)!(r—s)!(n—t77")!

nssr+rt1+n2rst>.
The “running” denominator n — t — s has cancelled! We see by inspection that for

r = s = n—t the summand in the above double sum equals (xy)"~*, which is exactly
the separate term in the above expression. We may therefore integrate it into the
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double sum. Consequently, we have

n—t r

(1) _ .8 (TL*t)'(TL*.S*2)'
(2, y) _;;I Y r+)n—r=—r—-9!n-—t—r1)

-((n—t+1)(n—r—1)—(n—s—l)(n—t—r))

. ,.s<<n—t+1)<n—s—2) (n—t)(n—s—l))
= Ty — .
= r+1 r—S5 r+1 r—S5

S

T

Il
=

In the final step, we replace r by n —t —r and s by n —t — r — s. Thereby, we arrive

at
n—tn—t—r
~ e mtrs (Mt F I\ [t 5 —2
Al =2 e () (07

r=0 s=0
_ n—t\[/t+r+s—1
r—1 s

where the last line follows from the expression for Hﬁn;) (z,y) that we derived in (24).
O

fllt) (z,y),

REMARK 5.14. By construction, it is obvious that multi-chains of ¢-filters correspond
to multi-chains of ¢t-Dyck paths with respect to <qqom. It remains to understand how
Conditions (27) and (28) translate to t-Dyck paths.

6. AN EXTENSION TO COXETER GROUPS

In this last section, we outline a possible construction of F-, H- and M-triangles, for
m = 1, in the setting of parabolic quotients of finite Coxeter groups. We wish to keep
this part brief and explain this extension only in the case of the symmetric group.
The general definitions for finite Coxeter groups can be found in [31, Section 6] or [39,
Chapter 5].

We fix a composition « = (ay, @, ..., q;,) of n > 0 and colour a collection of nodes
labelled by 1,2, ...,n according to the components of «, that is, the nodes 1,2,..., oy
are assigned the first colour, the nodes a; + 1,..., a1 + as are assigned the second
colour, etc. An a-partition is a set partition of [n] for which no block contains two
nodes of the same colour. The arc diagram of an a-partition 7 is obtained as follows:
if ¢ and j are adjacent members of some block of 7, then we connect the nodes
labelled by ¢ and j by an arc which leaves the node ¢ (which has colour ¢;, say) to
the bottom, passes below all nodes of colour ¢;, passes above subsequent nodes, and
finally enters the node labelled j from above. An a-partition is non-crossing if its
diagram can be drawn such that no two arcs cross. Let NC, denote the set of all
non-crossing a-partitions. Figure 6 shows the refinement order on NC3 5). Clearly, if
a=(t1,1,...,1) is a composition of n, then NC, = NCS,)5

We may thus define the M-triangle of NC,,, denoted by M, (z,y), analogously to
Definition 4.1. By inspection of Figure 6, we obtain

Moy (z,y) = 2%y — 2a0y® + 4oy +y* — 4y + 1.

Note that, by construction, the rank of (NCS;’?, Sref> is n —t which is precisely the
exponent of the “correction factor” in the transformations of Theorem 4.3. The rank
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Figure 6. The poset (NC(272), <r9f>-

of (NC(Q’Q), <ref) is 2, and we obtain

2 Y z(y —1) )

H z,y) = (z(y—1)+ 1) "M )
2)(®y) = (2(y — 1) +1) Mppy) (y—l z(y—1)+1

= 2%y? + 222y 227 + 2zy + 2z + 1,

y+1 y—x
Foz)(z,y) = y*M < : >
(2,2)( ) (2,2) y—xz y
=2 +dzy +y* + 22+ 4y + 1.

Note that H;2)(7,y) has a negative coefficient, and can therefore not arise in the
spirit of Proposition 5.10 as the sum over some lattice paths with respect to certain
statistics.

Conversely, consider the Dyck path P, &f gei paigez pez ... yer Do and de-
note by D, the set of all Dyck paths of length 2n which stay weakly above P,. It
follows from [31, Theorem 29] that NC, and D, are in bijection, and, clearly, if
a=(t1,1,...,1) is a composition of n, then D, = D,,;. Figure 7 lists the elements
of D(27172) . _ _

We may thus define the H-triangle of D,, denoted by H,(z,y), analogously to
Proposition 5.10. By inspection of Figure 7, we obtain

f](271)2) (z,y) = 2%y* + 23 + 22y + 62 4 22y + 62 + 1.

Note that, by construction, the maximal number of valleys among the members of
Dyt is n — t, which again is precisely the exponent of the “correction factor” in the
transformations of Theorem 4.3. The maximal number of valleys among members of
D(3,1,2) is 3, and we obtain
~ ~ ylx—1) =
M, =(1-y)*H A A
21,2)(®y) = (1 —y)"H19 ( Ty r 1)
= 23y —122%9% + 922y + 252y% — 30xy® — 149> + 8xy +21y% — 9y + 1,
~ ~ z+1 y+1
F, =2°H, —
(2,1,2) (xvy) T 11(2,1,2) < Tz oo 1)
= 1423 4 422y + xy® + 252° 4 4oy + 122 + 1.

We observe that the polynomial M(g’l’g) (z,y) cannot arise from some graded poset
P in the manner described in Definition 4.1. Indeed, if this were the case, then the
constant term of M, 1 2y(x,y) forces P to have a unique minimal element which must
be covered by nine elements, because the coefficient of y is —9. However, the coefficient
of xy is 8, implying that P has only eight elements of rank 1 which is a contradiction.

We leave it as an exercise to the reader (perhaps using [30, Figure 7]) to verify that

M2y (2, y) = 23y® — 42y + 922y? + bay® — 22xy% — 23 + Sxy + 13y° — Sy + 1.
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Ao A A afin
Lo £ o

Figure 7. The nineteen elements of D(3 1 7).

Using the transformations from Theorem 4.3, once again with correction exponent 3,
we obtain

3 Yy z(y—1) >
H ,Y) = —1)+1)" M ,
(2,1,2)(‘77 Y) (x(y ) ) (2,1,2) <y —Valy—1)+1

= 2% + 2392 + 323y + 322y% 42 + 62%y + 32y + B + 1,

y+1 y—=

F, z,y) =y° M, ( , )
(2,1,2)( ) (2,1,2) — y
= 22° + 1222y + 4ay® + y® + 52?4+ 202y + 4% + 4 + Sy + 1.

Once again, H(y 1 2)(2,y) has a negative coefficient.

The previous examples show that the correspondence between F-, H- and M-
triangles is not so well-behaved for arbitrary parabolic quotients of the symmetric
group. Conjectures 5.3 and 5.4 in [30] claim that this correspondence holds precisely
when « has at most one component larger than 1. Computer experiments suggest that
this behaviour carries over similarly to Coxeter groups of other types. Remarkably,
the various F-triangles so obtained seem to always have non-negative coefficients,
maybe hinting at interesting combinatorics to be discovered.

Acknowledgements. The authors would like to thank Xun-Tuan Su for making us
aware of a mistake in a previous version of Corollary 3.4.
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